Urea diffuses across the terminal inner medullary collecting duct (IMCD) via a facilitated transport pathway. To examine the mechanism of transcellular urea transport, membrane-apparent urea (Pme) and osmotic water (Pf) permeabilities of IMCD cells were measured by quantitative light microscopy in isolated IMCD-2 tubules perfused in the absence of vasopressin. Basolateral membrane Pf, determined by addition of raffinose to the bath, was 69 ,um/s. Basolateral membrane Pri, determined by substituting urea for raffinose without change in osmolality, was 14 X iO-5 cm/s. Bath phloretin inhibited basolateral P.,,m, by 85% without a significant effect on Pf. The basolateral reflection coefficient for urea, determined by addition of urea in the presence of phloretin, was 1.0. These results indicate that urea crosses the basolateral membrane by diffusion, and not by solvent drag. In perfused tubules, the rate of cell swelling following substitution of urea for mannitol was significantly greater with bath than lumen changes. After correcting for membrane surface area, the basolateral membrane was twofold more permeable than the apical membrane. Conclusions: (a) in the absence of vasopressin, urea permeation across the IMCD cell is limited by the apical membrane; (b) the basolateral membrane contains a phloretin-sensitive urea transporter, (c) transepithelial urea transport occurs by movement of urea through the IMCD cell. (J. Clin. Invest. 1990.
by vasopressin (2, 4) . This functional heterogeneity, which serves to maximize urea accumulation in the deepest portions of the inner medulla (4) , is paralleled by marked morphologic heterogeneity (5, 6) . The initial IMCD contains cells similar to those found elsewhere in the collecting duct (principal and intercalated cells), while the terminal IMCD is composed of a new cell type called the IMCD cell (5, 6) . Compared with the principal cell, the IMCD cell has a pale cytoplasm, lacks a central apical cilium which is characteristic of a principal cell (6) , and can be identified by differential interference contrast microscopy (7) . The distribution of IMCD cells coincides with the distribution of vasopressin-stimulated urea transport (2, 6) , suggesting that the IMCD cell effects urea transport across this terminal portion of the collecting duct.
Previous studies employing measurements of transepithelial urea transport have suggested that urea diffuses across the IMCD via a specialized transport pathway. The IMCD epithelium is much more permeable to urea than to other non-electrolytes (creatinine and raffinose) whose transport is restricted to the paracellular pathway, suggesting that most of urea diffusion across the epithelia is transcellular (4) . The transepithelial urea permeability is -100-fold greater than that predicted on the basis of lipid-phase permeation (2, 4) , leading to the suggestion that transepithelial urea transport occurs by a facilitated pathway present on both apical and basolateral membranes (8) . Transepithelial urea transport is inhibited by phloretin (8) (9) (10) , is competitively inhibited by urea analogues (8) , displays saturation kinetics (8) , and is separate from the water pathway (1 1, 12) . The erythrocyte urea pore has similar characteristics (13) (14) (15) , suggesting that the erythrocyte and IMCD transporter are similar.
The IMCD cell also transports water (16, 17) . Water transport in the collecting duct and toad urinary bladder is limited by the apical membrane whose water permeability is regulated by vasopressin (18, 19) . However, similar information for urea transport is unavailable because previous studies have only measured transepithelial urea permeability, which can not discern the transport properties of the individual apical and basolateral membranes. Therefore, we devised a method for measuring the urea permeability of individual membranes in a polarized epithelium, allowing the determination ofthe barrier to diffusion of urea across the cells. Measurement of membrane urea permeability is complicated by the possibility of solvent drag, i.e., convective transport of urea through water channels. Therefore, we measured the urea reflection coefficient (aue).
ing (in mM): NaCi 120, NaHCO3 25, K2HPO4 2, CaCl2 2, glucose 5, and MgSO4 1.2; osmolality 280 mosmol/kg H20. In some experiments, 100 mosmol/kg H20 raffinose (Sigma Chemical Co., St. Louis, MO) , mannitol (Sigma Chemical Co.), or urea (Sigma Chemical Co.) was added to the above solution. Tubule segments were dissected from the middle third of the inner medulla; the distal end of the tubule was always at the junction between IMCD-2 and IMCD-3. Dissected tubules were mounted on concentric pipettes for in vitro microperfusion at 370C using methods of Burg (21) . Perfused tubules were mounted in a laminar flow bath chamber with a volume of -70 ,d which facilitated rapid exchanges of bathing solution (22) . Perfusate and bathing systems were designed to allow rapid changes between several fluids with minimal movement of the tubule (7, 18, 22) . The perfusate solutions could be exchanged with a 11/2 of 204±2 ms (n = 2) ( Fig. 1; left) ; the bath solutions could be exchanged with a t112 of 76±14 ms (n = 3) ( Fig. 1; right) (4) , transport across the apical membrane was blocked by perfusing the lumen with silicone oil (18) or an inert fluorinated hydrocarbon (Fluorinert FC-75; 3M, St. Paul, MN). Within 5 min, raffinose (100 mosmol/kg H20) was suddenly added to the bath solution, and cell height was recorded at 10-15 frames/s. Preliminary calculations using a mathematical model of cell volume (see below) indicated that the initial decrease of cell volume would be best approximated by an exponential function rather than a straight line. Therefore, the data were transformed logarithmically, and t1/2 was determined by linear regression analysis of data from the first 300 ms of the tracing. Membrane Pf was calculated by parameter estimation from the experimentally determined t1/2 using a mathematical model.2
Measurement of basolateral membrane-apparent urea permeability. Membrane urea permeability (Pua) was determined following 2. To estimate Pf in each tubule, simulations were run using the cell volume model (see Appendix). The initial cell and bath concentrations of NUS, cell volume, and membrane surface area were set equal to the measured values for each tubule studied. The NUS permeability was set to zero, and UNUS was set to 1. Pf was estimated using a one-dimensional Newton's method which minimized the difference between the measured and simulated t112 over the first 300 ms.
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.tl w0 en substitution of 100 mosmol/kg H20 urea for 100 mosmol/kg H20 raffinose in the bath solution. Because bath osmolality remained constant, we will refer to this maneuver as 'isosmotic addition of urea'. The rationale for this protocol is that urea rapidly enters the cell, raising the cell osmolality, which secondarily leads to an influx of water, causing cell swelling. Preliminary mathematical modeling and initial observations indicated that isosmotic addition of urea increased cell volume in a linear fashion. Therefore, the initial slope of the first 300-500 ms of the tracing was determined by linear regression analysis. The membrane Pu, was calculated from the experimentally determined slope by parameter estimation assuming that urea crosses the basolateral membrane only by diffusion (i.e., au, = 1). This estimate was made as described,2 except that Purma was estimated by minimizing the difference between the simulated and experimental linear slope over 300-500 ins. The cell membrane Pf was set equal to the measured value for that cell, and auk was set to 1.
Preliminary mathematical modelling of this protocol indicated a nonlinear relationship between Pun and the initial rate ofcell swelling.
While the relationship is linear for Puma less than 2.5-5 X l0' cm/s (using Pf = 70 grm/s), at larger Purea's, the relationship is nonlinear because the finite basolateral water permeability limits the rate of cell swelling. Because ofthe strong dependence of Pue. on Pf, we measured the basolateral water and urea permeabilities in the same cell.
Measurement of oAi in the presence ofphloretin. The basolateral auk was measured in the presence of 0.25 mM phloretin, which inhibits Pum but not Pf (see Results). Tubules were set up, perfused, and bathed with solution A. After 40 min, the lumen was perfused with fluorinated hydrocarbon, and 0.25 mM phloretin was added to the bath solution. 5 min later, basolateral Pf then basolateral Pum. were measured as described above (mannitol substituted for raffinose). The basolateral solution was then switched to solution A for 30-60 s, washing urea out of the cell. In the third period, urea (100 mosmol/kg H20) was added to the bath solution, increasing bath osmolality by 100 mosmol/kg H20. We reasoned that cell height should decrease transiently (because of osmotic abstraction due to the increased osmolality ofthe bath) then increase back toward the initial cell height (because of urea entry into the cell). The resultant biphasic change in cell height was used to calculate the basolateral membrane Pu and au.3
Mathematical model ofcell volume. Because of the complexity of simultaneous water and urea fluxes, we developed a mathematical model for use in experimental design, parameter estimation, and interpretation of experimental data. The model is described in detail in the Appendix. The model consists ofthree mass balance equations that are solved for cell volume, cell urea, and the amount of non-urea solutes (NUS) in the cell as a function oftime. The fluxes ofurea, NUS, and water into the cell across the apical and basolateral membranes are described separately by standard nonequilibrium thermodynamic equations. In all simulations, we assume that the membranes are impermeable to all solutes except urea.
Statistics. All results report as a mean± 1 SE. Statistical significance was determined using t tests (paired and unpaired). P < 0.05 indicated statistical significance.
Results
Basolateral Pfand Purea. Increase in basolateral solution osmolality by addition of raffinose (100 mosmol/kg H20) caused an 3 . This estimate was made as described,2 except that Pf and ours were varied systematically using a two-dimensional parameter search (subroutine DUMINF; IMSL, Houston, TX) to find the values that minimized the sum of squared deviations (simulated minus experimental) of cell volume at all experimental data points. The cell membrane Pf was set equal to the measured value for that cell. Because Effect ofphloretin on basolateral membrane water and urea transport. To show that the cell swelling in the preceding protocol was induced by urea transport and not due to some other transport processes, we measured the effect of the lipid soluble urea transport inhibitor phloretin (13) . Phloretin had no significant effect on basolateral water permeability in five tubules perfused with oil (Fig. 3) . The effect of phloretin on basolateral urea transport was measured in five separate tubules. Tubules were dissected, perfused, and bathed with a solution A containing 100 mosmol/kg H20 of mannitol. In these experiments, the lumen was not blocked with oil. The rate of cell swelling induced by sudden isosmotic addition of urea (100 mosmol/kg H20; urea replacing mannitol) was measured in the absence and presence of 0.25 mM phloretin added to the basolateral bathing solution (Fig. 4) minal or basolateral membranes. The site of action can be determined in this protocol, since urea transport across the apical membrane was not blocked. Ifphloretin predominantly inhibited urea transport at the apical membrane, the rate of cell swelling should increase, whereas inhibition at the basolateral membrane should inhibit the rat cell swelling. Since bath phloretin inhibited cell swelling (Fig. 4) to leave the cell. Urea (100 mosmol/kg H20) was again added to the basolateral solution, but now associated with an increase in basolateral osmolality. We saw a transient decrease in cell height (osmotic abstraction due to the increased osmolality of the bath) followed by an increase in cell height back toward the initial cell height (urea entry into the cell) (Fig. 5) . Analysis by the mathematical model3 (see Appendix) using a two-dimensional parameter search revealed a urea permeability of 2.1±0.4 X 10-5 cm/s and a au,,. of 1.00±0.05. There was no significant difference between the urea permeability measured directly (calculated assuming ou = 1), and the urea permeability determined by the two-dimensional parameter search. Relative basolateral to apical Purea. The relative basolateral and apical Puma was assessed by measuring the initial rate of cell height increase following isosmotic addition of urea to either the bath or lumen. Tubules were dissected, perfused, and bathed with solution A containing mannitol (100 mosmol/kg H20). Fig. 6 shows a tracing from a typical study. In five tubules, isosmotic addition of urea (urea replacing mannitol) to the bath increased cell height at an average rate of 25.2±1.9 percent/s with a steady-state increase in cell height of 33.2±2%. In contrast, a similar isosmotic addition of urea to the luminal perfusate caused a small but significant increase in cell height at a rate of 3.0±1.0 percent/s with a steady-state increase in cell height of 5.5±1.8%. Subsequent isosmotic addition of urea to the bath increased cell height at a rate not significantly different from the control period. The rate of change and the extent of increase in cell height caused by isosmotic addition of urea to the bath was significantly greater than that caused by isosmotic addition of urea to the lumen, indicating that the basolateral membrane is more permeable to urea than the apical membrane (see Discussion).
Discussion
These studies examine the pathway for urea movement across the rat IMCD by measuring the apical and basolateral membrane urea permeabilities of the IMCD cell. While membrane water permeability has been studied in a variety of vesicles, 6 .0 Experimental data was used to estimate Pun TIME, seconds and au5 (see text). endosomes, cells, and epithelia (18, 26) , this is the first quantitative determination of membrane urea permeability in a polarized epithelium. We will first discuss several methodological concerns, then discuss the physiological implications of the results.
Methodology. The equipment and experimental design employed is similar to that used for measurement of membrane water permeability in renal tubules ( 18) , and hence fulfills the criteria for accurate measurement of membrane water permeability (18): (a) rapid step change in extracellular composition; (b) absence of significant external unstirred layers; and (c) accurate measurement of peak volume flow across the membrane. Since urea entry into the cell rapidly dissipates the transmembrane osmotic gradient, transmembrane water flow was slower following isosmotic addition of urea (t1/2 655±75) than after raffinose addition (t1/2 509±57 ms). Therefore, the methodology is also fast enough to measure Pun accurately.
Measurement of membrane urea permeability from changes in cell volume is complicated by the possibility of solvent drag, i.e., convective transport of urea through water channels. If so, the urea reflection coefficient (du,), which measures the interaction between urea and water transport, will be < 1. The auea can be measured using several protocols (null method, analysis of initial water flow, or analysis of volume versus time curve) (27) . In the null method, the reflection coefficient is calculated from the concentration of solute outside the cell needed to prevent the volume flow induced by a known concentration of impermeant solute inside the cell. The null method is precluded because urea entry into the cell induces a volume flow at any nonzero urea concentration, even in the presence of phloretin (Fig. 5 ). In the second method, the reflection coefficient is calculated from the ratio of initial volume flows induced by osmotic gradients of a test solute (i.e., urea) and an impermeant solute (i.e., raffinose). Ignoring urea movement leads to underestimation of Bu, because the high membrane urea permeability dissipates the transmembrane urea gradient as a result of urea entry into the cell (1 1). Because the first two methods are not applicable for use with a permeant solute, we determined the basolateral membrane auk using analysis of the detailed volume versus time curve. While theoretical problems exist (27) , this method has been validated in membrane vesicles against the other two methods (27) .
Basolateral membrane water permeability. After blocking transport across the apical membrane, increase in bath osmolality by 100 mosmol/kg caused the cells to shrink by 86% of that predicted for a perfect osmometer. This nonideal response could be caused by intrinsic volume regulation; however, IMCD cells exhibit intrinsic volume regulation following exposure to hyperosmotic solutions (390 mosmol/kg H20) only in the presence ofvasopressin (23) . Because the present studies were preformed in the absence of vasopressin, the nonideal behavior is more likely caused by an osmotically inactive volume, as found by others (18, 23, 25, 28 ). The measured basolateral water permeability was 69.1 ± 12.8 Mm/s, which is similar to that recently reported by others in the terminal IMCD (25) and rabbit CCD (18) , but less than that of the rabbit proximal tubule and erythrocyte membrane (reviewed in (14, 26) ).
Basolateral membrane contains a specialized urea transporter. Because transport of urea across the cell might confound interpretation of the results, transport across the apical membrane was blocked in the initial studies. Isosmotic addition of urea to the basolateral solution rapidly increased cell height (Fig. 2) ; the rate of cell height increase was inhibited 55% by bath phloretin (Fig. 4) which blocks the erythrocyte urea pathway (13, 14) . This indicates that the cell swelling after isosmotic addition of urea was caused by rapid influx of urea, in part, via a phloretin-sensitive pathway. It is conceivable that urea could enter the cells via a water channel. That phloretin inhibited basolateral urea transport without affecting the basolateral water permeability (Fig. 3) indicates that water and urea transport are largely independent. However, phloretin did not completely block urea entry into the cell, raising the possibility that the phloretin-insensitive portion is via water channels. This too can be excluded since the basolateral membrane a., was not significantly different from 1 in the presence of phloretin, indicating that urea and water transport are also independent in the presence of phloretin. Since we could find no evidence for coupling of urea and water either in the absence or presence of phloretin, we conclude that urea crosses the basolateral membrane predominantly by diffusion.
In the absence of vasopressin, the basolateral Pure5 is 14.2±4.2 X 10' cm/s, which is similar to that of the erythrocyte but much greater than that of an artificial lipid bilayer or the lipid portion ofthe erythrocyte membrane (14) . Inhibition by phloretin and the lack of solvent drag confirm the previous suggestion that basal urea transport is facilitated by a specialized urea transporter (4) present on the basolateral membrane of the IMCD cell.
Recent studies have found that the transepithelial o, is also 1 (1 1, 12) . Because both the basolateral and transepithelial aurca is 1, urea moves across both cell membranes by diffusion and not by solvent drag, suggesting that urea and water pathways are distinct and independent (11, 12) , as in rabbit brush border membrane vesicles (26) and erythrocytes (14) . (30, 31) .
The relative urea permeabilities were estimated from the initial changes in cell height following isosmotic addition of urea to the apical and basolateral solutions taking into account that urea can cross both membranes. Using water permeability measured previously and assuming that urea moves only by diffusion and not by solvent drag, the surface area-corrected Pumaof the basolateral membrane is 2.1-fold higher than that of the apical membrane. The absolute apical and basolateral membrane Puma is strongly dependent on the choice of water permeability, which was not measured in these cells.
However, the relative apical and basolateral membrane Pure is 2.1 over a range of Pf tested (70-125 Am/s). The Pure of the apical membrane is also much larger than simple lipid permeability, confirming that urea also crosses the apical membrane through a specialized pathway. The data suggest that the apical and basolateral membranes have different urea permeabilities. Whether the apical and basolateral membranes have different urea transporters or different numbers of the same urea transporters is unknown.
Urea crosses the epithelium by a transcellular route. We estimated the transcellular urea permeability from the measured basolateral membrane Pa, the relative apical to basolateral membrane Pua, and the relative membrane surface areas by treating the cell as two parallel membranes. The minimum basolateral membrane urea permeability was used in this calculation. In the absence of vasopressin, the calculated transcellular urea permeability is 22.4 X l-5 cm/s, which is close to the transepithelial urea permeability of 17-25 X 10-' (4, 20) . Thus, the permeability ofthe transcellular route is large enough to account for the transepithelial urea permeability, implying that the major pathway for transepithelial urea diffusion is through the cell, as suggested previously based on the high urea to creatinine or raffinose permeability (4).
Physiological significance. Accumulation of urea in the inner medullary interstitium occurs by passive diffusion of urea from the terminal IMCD (3, 4) . The measured apical and basolateral membrane urea permeabilities are sufficiently large so that urea transport across the terminal IMCD occurs by a transcellular route. Since transcellular urea permeation is limited by the apical membrane, it is likely that vasopressin increases the transepithelial urea permeability by modulating the urea permeability of the apical membrane, as occurs for water transport in the cortical collecting duct and toad urinary bladder. Based on evidence that vasopressin does not change the affinity of the transepithelial pathway for the urea analogue thiourea, it seems likely that vasopressin increases the number of transporters rather than alters the affinity for urea (8) . Vasopressin causes an initial rapid rise in urea permeability over the first 5 min, then a slow secondary rise to a maximal value at 40 min (20). This complex biphasic temporal stimulation suggests that regulation may occur at several sites, perhaps including the basolateral membrane, as proposed for vasopressin-stimulated water permeability (32, 33) .
The high urea permeability of the basolateral membrane may allow the cell to respond rapidly to changes in interstitial urea concentration without large changes in cell volume, as might occur during changes from antidiuresis to water diuresis. Whether this transporter is present in other segments which traverse the inner medulla would be of interest.
